Abstract. Using circularly polarized synchrotron radiation, the 5p?i ionization of HI molecules is studied by means of angle-resolved photoelectron spin polarization spectroscopy. The energy dependences of the dynamical photoionization parameters are obtained and compared with an ob inilio calculation of Raseev el a1 and the corresponding data far the xenon atom. Angular distributions of the polarization component A ( @ ) yield complete parameter sets. A strong influence of electronic autoionization is observed and analysed in terms of partial contributions using the additional information contained in the ~olariration results.
A complete determination of the dynamical photoionization parameters U, p, A, 5 and a requires angle-resolved photoelectron spectroscopy with analysis of the spin polarization components using circularly polarized radiation (Kessler 1985) . For free atoms the first experiments of this type were performed for 5p ionization of xenon (Heckenkamp et a1 1984) and permitted the extraction of the dipole transition matrix elements and phaseshift differences involved (Heckenkamp et a/ 1986b). For molecules, due to the non-spherical molecular field, the symmetry is decreased and many, in principle infinitely many, transitions can contribute. In addition, due to the averaging over all possible orientations of the molecular axis with respect tc the photon momentum, the maximal degree of total photoelectron polarization is reduced to 50%, while for atoms it can reach 100% (Cherepkov 1981) . Ageneral non-relativistic theory of the electron spin polarization for the case of molecules was given by Cherepkov (1981) and later extended and applied to the hydrogen halides by Raseev et a/ (1987) .
First measurements demonstrating the polarization of molecular photoelectrons were performed for CO,, N 2 0 and CH,Br (Heinzmann er al 1980 (Heinzmann er al , 1981 near the ionization threshold in the spin-orbit autoionization region with angle-integrated detection using circularly polarized synchrotron radiation. The polarization parameter 6 was also determined at several photon energies for heavy halogen and methyl halide molecules with unpolarized light (Schonhense et a/ 1984). More recently, a theoretical calculation including the influence of autoionization was compared with the experimentally determined wavelength dependence of the polarization parameter A for HBr molecules (Lefebvre-Brion et a / 1989). Very recently, high-resolution angle-integrated polarization measurements were performed for HI resolving rotational structure (Hnth. 
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In order to determine the photoelectron polarization which arises as a consequence of the spin-orbit interaction, it is essential to resolve the spin-orbit splitting. Therefore, techniques using angle-integrated polarization detection are restricted to the nearthreshold region where only one spin-orbit channel is open. For molecules containing heavy atoms, however, the spin-orbit splitting can be readily resolved by an electron spectrometer. With circularly polarized synchrotron radiation, all polarization para. meters can then be studied over an extended energy region. It is the purpose of this paper to report on such studies for the relative partial cross sections U and the polarization parameters A, 6 and 01 for photoelectrons corresponding to the two 2n fine-structure final ionic states of HI+ (5paI3 and also to present first results on the determination of all dynamical photoionization parameters at selected wavelengths obtained by angle-and spin-resolved spectroscopy. The HI molecule was chosen since it is isoelectronic to the xenon atom and comparisons in electronic excitation can be made due to the atomic-like character of the (5pa) lone-pair orbital located at the iodine centre, and also since a theoretical prediction based on ab initio calculations (Raseev et al 1987) is available. Furthermore, measurements of partial cross sections and the angular distribution parameters were reported for HI at photon energies above 16 eV (Carlson et a1 1984) .
A description of the apparatus and the techniques employed in our experiment to obtain the data has been given previously (Heckenkamp et al1986b). In brief, circularly polarized synchrotron radiation emitted out of plane at the storage ring BESSY at the 6.5 m normal-incidence monochromator (Schafers et al 1986) was used for photoionization. At the exit focus, the target gas HI (better than 98% purity, supplied by Merck-Schuchardt) is introduced in an effusive molecular beam at room temperature. Behind the ionization region, a cold trap filled with liquid nitrogen is mounted and used to freeze out the gas; the background pressure inside the vacuum chamber was less than 9 x lo-' mbar. The photoelectrons emitted are energy analysed angle resolved using a hemispherical spectrometer which can be rotated in the reaction plane (see Heckenkamp et al 1986a). Two mutually perpendicular transverse polarization components are measured simultaneously in a subsequent high-energy Mott detector (acceleration voltage 100 kV, Sherman function -0.25). The reaction geometry and the definition of the spin polarization parameters determined are identical to the case of atomic photoionization described previously (Heckenkamp et al 1986b) .
A typical photoelectron spectrum recorded at the magic angle (Om= 54.7") at a wavelength of 70 nm is shown in figure 1 . It is similar to spectra obtained by other authors at higher photon energies (Lempka et al 1968 , Turner et a1 1970 , Carlson et al 1984 . Emission of an electron from the (5pa) orbital of HI gives rise to the spin-orbit-split ionic ground states, HI+ X 21'13/2 (U = 0) and X 211,/z ( U =O), at binding energies of 10.38 eV and 11.05 eV, respectively. Creation of a (5pu) hole leads to the HI+ A zZ:/2 excited state in several vibrational levels which are, however, not distinctly observed even at higher resolution because of strong broadening caused by predissociation. Due to the non-bonding character of the (5pa) orbital the Franck-Condon overlap is such that the 211 states are almost exclusively populated in the vibrational ground state unless the influence of autoionization resonances is strong (see also Bowering et al 1991).
In figure 2 we show partial photoionization cross sections in the region of 120 nm-60 nm for the two final ionic states zlT,/2 (U = 0) and 211,/2 (U = 0). Relative cross section data were obtained from intensity measurements using a channeltron as detector and the spectrometer at 0, in the constant ionic state (CIS) 
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BINDING ENERGY (eV) was operated with a 3600 Iineslmm grating (AA =0.17nm). Corrections were made for changes in target gas pressure and also for the reduction in the radiation intensity due to the decrease in current of the beam in the storage ring. In addition, the spectra were corrected for the combined effect of the wavelength dependence of the photon intensity at the exit focus of the monochromator and the transmission characteristics of the electron spectrometer. This was achieved by recording CIS Nns with identical set-up for the Xe+ 2P,12 state for which the cross section is known precisely (West and Morton 1978). In this way, relative partial cross section datat were obtained for the 1985, Hart and Hepbum 1989) . Due to the spectral bandwidth of 0.17 nm the resonance structure is only incompletely resolved. The absolute cross section scale for the spinorbit autoionization region obtained by the procedure outlined above does also agree fairly well with the data of Carlson et al (1986) given for this region.
Above the 211 thresholds, a broad resonance structure centred near 100nm is observed for both ionic channels in agreement with total cross section data (Tendlinger and Smith 1975, Dehmer and Chupka 1978) which is attributed to electronic autoionization of predissociating Rydberg states converging to HI+A2Z+. In analogy to HBr (Lefebvre-Brion et al 1989) it is assigned to (dm) resonances with effective principal quantum number n* = 2.78 (Terwillinger and Smith 1975) . Likewise, the region around 110 nm corresponds to (npm) Rydberg states with 'X+ core. Partial cross section data have not been reported before for this region. In the range from threshold to A = 90 nm, there is also significant population of vibrationally excited open ionization channels (Bowering et a1 1991). Another weak maximum of the cross sections is reached near the A 2Z:/2 threshold in a wavelength region where also the yield of I+ ions increases (Eland and Berkowitz 1977) . Throughout the range examined here the branching ratio u(~II,,,)/u(~II,,,) at equal photon energy is almost constant with a value of about 0.9.
Spin polarization measurements were performed operating the monochromator with the 1200 lines/mm grating in first order (AA = 0.5 nm) for intensity reasons. The experimental data for the parameters A, 6 and 01 each show opposite signs for the two spin-orbit components 211,/2 and 217t/2. This reveals directly the influence of the spin-orbit interaction of the ' I T final ionic state. Since the two substates have equal statistical weight, the corresponding polarization parameters should have equal magnitude and opposite signs (at equal photoelectron energy) within the non-relativistic model (Cherepkov 1981) . Deviations from this equality reflect the influence of the spin-orbit interaction in the continuum states.
As also seen from the cross section results of figure 2, the data can be divided into two regimes: a region below the 2Zt limit which is strongly influenced by resonances and the region of the unperturbed open continuum at higher photon energies. Spin polarization data were first taken at large intervals to cover the accessible wavelength region. In order to examine the influence of the electronic autoionization resonances in more detail, however, the parameter A was measured with much higher point density in the range between 112 and 90 nm. In this region strong deviations from the theoretical prediction (which does not take autoionization into account) exist. At around 105 nm A approaches zero for both substates; i.e. the total polarization transfer from photon to photoelectron becomes vanishingly small at this photon wavelength. Nevertheless, the non-relativistic relationship for A is not only fulfilled to a very good degree for the open continuum, but also for the resonance region of electronic autoionization (where the comparison has to be made at equal photon energies). A deviation occurs only near 108 nm. In comparison to the theoretical curve for the open continuum region the wavelength dependence for the A parameters measured is similar but the absolute values are smaller.
For the region of spin-orbit autoionization between the 211 limits the parameter A was measured only in the peak of the n = 6 Rydberg member and at two further wavelength positions (211,,2 final ionic state), since much higher resolution is required for an investigation of this region. However, the values obtained are consistent with the high-resolution results (Huth -Fehre et a1 1990) . For the region of electronic autoionization, on the other hand, the resolution of the experiment is adequate, since these structures are strongly broadened due to predissociation.
While the values for the parameter A show the same tendency as the calculation in the range of 90 nm to 60 nm, a striking deviation is observed for the parameter . $ from both the theoretical prediction as well as from the non-relativistic relationship.
Only the coarse structure was measured for this polarization parameter; between 120 nm and 90 nm resonance features due to autoionization cannot be definitely excluded based on our results. We have also obtained A = (-0.085*0.02) and 5=(-0.01 iO.02) at A = 70 nm for the ' Z:, , final ionic state. The non-zero value for A shows that relativistic effects are not negligible; the value for 5 could suggest that the theoretical description in Hund's coupling case ( a ) (Raseev et a/ 1987) is adequate. By rotating the spectrometer in the reaction plane, first values were also obtained for the spin polarization asymmetry parameter a describing the angular distribution of the polarization component A ( @ ) . The angular distributions A(@) measured at A = 100 nm (angular resolution AQ = 5') are plotted in figure 4 for the two final ionic states. The full curve represents a non-linear least squares fit according to the angular distribution in our reaction geometry,
where P,(cos 0) is the second Legendre polynomial (Heckenkamp et a/ 1984) . The fit yields the parameters A, a and p t and also confirms the analytic form of equation
(1) for the case of photoionization of molecules. Since the complete angular distribution has to be recorded only a few points were taken for a. At these positions the fit parameters together with U and 6 yield a complete set of dynamical parameters. The a-values for the 'II3,> state show the same tendency as the calculated values but are smaller in magnitude. Typically, in contrast to the atomic case, for randomly oriented free molecules the angular distribution is less pronounced due to the averaging over all orientations of the molecular axis (see also Cherepkov 1981). The distributions for HI are of opposite shape for the two ' I l spin-orbit components with a maximum for A(Q) for the 211,!2 state at O=O" in correspondence to the (more pronounced) distributions for the 2P,i2 and 'P,,, ionic states of the xenon atom (Heckenkamp et a/  1984 ). t For these angular distnbutions the fit result is relatively insensitive with respect 10 the parameter 0 (since incidentally A IS almost equal to e); therefore the relative error far ! 3 is large.
In order to discuss the strength of the different channels the results for the phase-independent parameters U and A can be combined to analyse the various contributions to the photoemission in terms of partial cross sections 0; (A = v, r, 8 ) within the non-relativistic formalism. One has:
A *$(us -U,, )/ut.,, ( 2 ) (Raseev et a1 1987, equation (31) is the total cross section. The limiting values A= *0.5 occur when there are only us or U-contributions, respectively, and A = 0 implies that u6 = U-. The fact that A,,* is positive throughout the range examined shows that the S contributions are larger than the U contributions. This is in analogy to the isoelectronic xenon atom where the d continuum dominates. In fact, taking atomic-like transition moments (thus considering only the n p r -t EdA transitions), one obtains A,,, = 0.25 (Raseev et a1 1987) ; the data thus indicate that the edS, E d r waves are the main ionization channels.
By comparing figures 2 and 3, one observes that almost all structures present in the cross section data are reflected by corresponding features in the polarization parameter A. In particular, the broad maximum at around A = 100 nm and the distinct sharp minimum at A = 96 nm can also be seen in the data for A. On the other hand, in the wavelength range from 102 nm to 108 nm (mainly ( p r ) resonances) the EU waves are almost as strong as the ES waves. In the region from threshold to 108 nm the ES waves are again more intense than the EU waves.
The calculation of Raseev et a1 (1987) predicts that the parameter A should reach 0.25 near A = 80 nm which is not observed. However, the experimental values for HI can also be compared with the A-values for xenon where theories using random phase approximation are in ciose agreement with the corresponding experimental data (Heckenkamp et al 1986b) . Therefore, the results for Xe are shown in figure 4 as broken curves. For proper comparison at equal photoelectron energy the Xe results were scaled to the different ionization limits of HI and weighted appropriately. Remarkably, the agreement is more favourable for the xenon data than for the one-configuration calculation for HI. This indicates on the one hand that correlations play a significant role and also that the photoionization of HI ( 5~7 r )~ shows strikingly strong atomic-like character in the continuum region. Similar conclusions hold for a but not for 5 which has a complicated phase dependence as discussed below. In order to examine the validity of a non-relativistic description of the n p r photoionization process for HI one can form the ratios of the dynamical parameters for the two ' I I substates. As already pointed out above, the cross section branching ,auu 12 r,ra, [shows the most important phase dependence since off-diagonal interference terms contribute most strongly in the theory (Raseev ef ol 1987) and its dynamical factors depend on the sine of phaseshift differences of continuum wavefunctions. (The parameters p and U have a cosine-like phase dependence and are dominated by diagonal terms.) Therefore g is the most sensitive parameter to anisotropic interactions like the spin-orbit interaction in the continuum states.
In conclusion, we have presented the first angle-resolved measurements to determine all dynamical molecular photoionization parameters and to verify the angular distribution of the polarization component A(@) for molecules using HI as a sample gas. For the open continuum region, the comparison with the ab initio calculation of Raseev et a/ (1987) shows the same tendency for the energy dependence of the dynamical parameters with the exception of the phase-sensitive parameter 6. The results for HI show striking similarities to the corresponding data for the xenon atom. A strong influence of electronic autoionization resonances was observed for the partial cross sections U and the total polarization transfer A which can be combined to yield additional information on the strengths of the outgoing partial waves. Since complete sets of dynamical parameters can be obtained, this experiment opens the way for detailed studies of the dominant contributions to the outgoing partial waves in molecular photoionization.
